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EBNA2 is essential for Epstein-Barr virus (EBV) immortalization of B lymphocytes. EBNA2 functions as a
transcriptional activator and targets responsive promoters through interaction with the cellular DNA binding
protein CBF1. We have examined the mechanism whereby EBNA2 overcomes CBF1-mediated transcriptional
repression. A yeast two-hybrid screen performed using CBF1 as the bait identified a protein, SKIP, which had
not previously been recognized as a CBF1-associated protein. Protein-protein interaction assays demonstrated
contacts between SKIP and the SMRT, CIR, Sin3A, and HDAC2 proteins of the CBF1 corepressor complex.
Interestingly, EBNA2 also interacted with SKIP in glutathione S-transferase affinity and mammalian two-
hybrid assays and colocalized with SKIP in immunofluorescence assays. Interaction with SKIP was not affected
by mutation of EBNA2 conserved region 6, the CBF1 interaction region, but was abolished by mutation of
conserved region 5. Mutation of conserved region 5 also severely impaired EBNA2 activation of a reporter
containing CBF1 binding sites. Thus, interaction with both CBF1 and SKIP is necessary for efficient promoter
activation by EBNA2. A model is presented in which EBNA2 competes with the SMRT-corepressor complex for
contacts on SKIP and CBF1.

The Epstein-Barr virus (EBV)-encoded latency protein
EBNA2 is a nuclear transcriptional activator that is essential
for EBV-induced B-cell transformation (27). EBNA2 contrib-
utes to immortalization by regulating EBV latency gene ex-
pression and by activating expression of cellular genes. EBNA2
regulates expression of the EBV latency Cp promoter that
drives expression of the EBNA family of nuclear proteins in
type III latency and also contributes to the positive regulation
of the LMP2A, LMP2B, and LMP1 promoters (21, 36, 46, 51,
62). EBNA2 does not bind to DNA directly but rather is
targeted to responsive promoters through interactions with
cellular DNA binding proteins. Targeting through Pu.1 (Spi1)
has been described for the LMP1 promoter (22, 30), while
CBF1 (RBP-Jk, RBP-2N, Jk) has been identified as the tar-
geting partner for the viral Cp, LMP2A, and divergent LMP1
and LMP2B promoters (9, 14, 35, 54, 63). EBNA2 regulates its
own expression, and deletion of the region containing the
CBF1 binding site from Cp biases promoter usage toward Wp
(60). A number of cellular genes, such as those encoding
CD23, interleukins, and beta interferon that respond to
EBNA2 also have CBF1 binding sites in their promoters (24,
28, 34, 56). However, there are some responsive genes, such as
the cyclin D2 gene (26, 43), for which the mechanism of acti-
vation is unknown. These genes may be activated as part of a
downstream response cascade, or additional EBNA2 targeting
mechanisms may exist. Optimal activation by EBNA2 also re-
quires cooperation with other transcription factors. The Cp
EBNA2-responsive element contains a CBF2 binding site ad-
jacent to the CBF1 binding site, and the CBF2 site contributes
to EBNA2 responsiveness (7, 21, 35, 40). The LMP1 promoter
is complexly regulated with both CBF1 and PU.1 targeting
sites and multiple transcription factor binding sites that en-

hance responsiveness (22, 31, 44). The EBNA2-responsive el-
ements are conserved in the Cp and LMP1 promoters of other
primate lymphocryptoviruses (8, 39).

CBF1 is an evolutionarily conserved protein that binds to the
motif GTGGGAA (34, 52). CBF1 represses transcription in
part by tethering a histone deacetylase (HDAC) corepressor
complex to the promoter (6, 16, 25, 53). The corepressor pro-
teins SMRT, CIR, SAP30, HDAC1, and HDAC2 have been
shown to be components of this complex (19, 25). Repression
is believed to be a consequence of histone deacetylation which
leads to chromatin remodeling and loss of transcription factor
access to the nucleosome-associated promoter sequences.
EBNA2 activates expression by binding to the repression do-
main of CBF1 to relieve repression and bringing a transcrip-
tional activation domain to the promoter (16). Changes in
promoter conformation that contribute to activation may also
be mediated through EBNA2 interaction with the SNF-SWI
complex (57). The EBNA3 proteins also bind to CBF1 (3, 40,
61). Their interaction abolishes CBF1 DNA binding activity
(23, 55, 61) and thus modulates the effects of EBNA2.

An important insight into the role of EBNA2 in B-cell im-
mortalization derived from the realization that CBF1 is also
the intranuclear target of Notch signaling (17, 20, 47). Notch is
a cell surface receptor that when activated by ligand influences
a broad spectrum of developmental processes (1). Although
the mechanism by which Notch signaling activates downstream
target genes is not completely understood, a current model
involves ligand binding inducing a proteolytic cleavage event
that releases the intracellular domain of Notch, NotchIC,
which then translocates to the nucleus (32, 42, 45). NotchIC
binds to CBF1 and has a remarkably similar mechanism of
action in that it also binds to the CBF1 repression domain to
relieve repression and further activates transcription through
an endogenous transcriptional activation domain (17, 18). The
commonality of the EBNA2 and NotchIC interactions with
CBF1 suggested that the early steps in EBV immortalization
may mimic an aspect of Notch signaling. Further, several
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CBF1-regulated genes have been shown to respond to both
NotchIC and EBNA2, and EBNA2 has been found to share
with NotchIC the ability to block muscle cell differentiation
(15, 41).

Comparisons of the EBV EBNA2 amino acid sequence with
that of baboon herpesvirus papio revealed a series of nine
conserved regions (CR) within EBNA2 (36). Subsequent anal-
yses identified the most carboxy-terminal CR as a strong nu-
clear localization signal (36) and the adjacent CR as the tran-
scriptional activation domain that interacts with components of
the cellular basal transcription complex (4, 36, 48–50). CR6
proved to be the CBF1 targeting domain. Mutation of two
tryptophan residues in this region abolished CBF1 interaction
(33, 35, 58). This mutation also abolished the ability of EBNA2
to activate reporters carrying CBF1 binding sites (16, 35) and
when transferred into the EBNA2 open reading frame within
the EBV genome resulted in a virus variant that was nonim-
mortalizing (58). Mutation of the adjacent region, CR5, re-
sulted in an EBNA2 that retained CBF1 interaction but had a
diminished ability to activate a Cp reporter (33). Deletion of
the CR5 region from EBNA2 in the context of the EBV ge-
nome also resulted in a nonimmortalizing mutant EBV (10).

While it was clear that CR5 made an important contribution
to EBNA2 transactivation function, the nature of that contri-
bution was not known. In seeking to better understand the
composition of the CBF1 targeting complex, we used a yeast
two-hybrid screen to identify CBF1-interacting proteins. We
describe the identification of SKIP (Ski-interacting protein) as
a component of the CBF1 corepressor complex. SKIP is a
nuclear protein with a broad tissue distribution and was orig-
inally identified as an interacting partner of the avian retroviral
oncoprotein v-Ski (5). We demonstrate that SKIP also inter-
acts with EBNA2 and that it is CR5 that mediates the contacts
between EBNA2 and SKIP. The behavior of the CR5 and CR6
EBNA2 mutants suggests that contacts on both CBF1 and
SKIP are required for effective EBNA2 targeting to DNA.

MATERIALS AND METHODS

Plasmids. SKIP cDNA was isolated from a B-cell library (Clontech) in a yeast
two-hybrid screen with Gal4DBD (Gal4 DNA binding domain [DBD])-CBF1 as
the bait protein. The SKIP sequence is identical to that described in accession no.
U51432 and one base different from that of NcoA-62 (accession no. AF045184).
Proteins were expressed in yeast as Gal4ACT (Gal4 activation domain [ACT])
fusions in the vector pACTII or as DBD fusions in the vector pAS1-CYH2
(SKIP-ACT, pJH177; DBD-SKIP, pJH313). DBD-CIR (pJH491), ACT-CIR
(pJH178), and ACT-mHDAC2(286-489) have been previously described (19).
Bacterially expressed glutathione S-transferase (GST) fusions were generated in
the pGEX2T (Promega)-derived plasmid pGH413 [GST-CBF1(1-500), pJH163;
GST-SKIP(1-536), pJH286-2].

The Gal4 fusions used in the mammalian two-hybrid assays were generated in
pGH250, which has a simian virus 40 promoter [Gal4-CBF1(1-500), pJH93;
Gal4-SKIP(1-536), pJH274]. Gal4-mHDAC2 was obtained from W.-M. Yang
(59). The SG5 vector (Stratagene) was modified to incorporate either Flag
(pJH253), hemagglutinin (HA) (pHYC66), or Myc (pJH363) epitopes. These
vectors were used to generate Flag-CBF1 (pJH282), Flag-SKIP (pJH281), CIR-
Flag (pJH518), Myc-CBF1 (pMF1), and HA-SKIP (pJH277). SG5-SKIP-Rta
(pJH511) expresses SKIP fused to the activation domain (amino acids 520 to
605) of the EBV R transactivator (Rta) (11). Flag-SMRT (pCMX-PL2-SMRT-
Flag) (25) was obtained from R. Evans, and Myc-mSin3A (29) was obtained
from C. Laherty and R. Eisenman. Expression vectors for wild-type EBNA2
(wtEBNA2) (pPDL151), EBNA2(WW323SR) (pPDL152), EBNA2(II307SR)
(pPDL159), and EBNA2(PI326SR) (pPDL196) have been described elsewhere
(33), as have the reporter plasmids 5xGal4TK (thymidine kinase)-CAT (chlor-
amphenicol acetyltransferase), TK-Luciferase, and 4xCp-CAT (17, 36).

Yeast assays. The yeast two-hybrid screen and yeast assays for SKIP interac-
tions were performed in Saccharomyces cerevisiae Y190 as previously described
(19). b-Galactosidase activity was measured from three independent cotransfor-
mants using 2-nitrophenyl b-D-galactopyranoside as the substrate. The amount
of 2-nitrophenol liberated after 2 to 4 h of incubation was measured by absor-
bance at 420 nm.

CAT assays. HeLa cells were maintained in Dulbecco modified Eagle medium
plus 10% fetal calf serum and plated at 1.2 3 105 cells per well in six-well plates

(Nunc) 1 day prior to transfection. Cells were transfected by the calcium phos-
phate procedure and received 0.8 mg of 5xGal4TK-CAT or 4xCp-CAT reporter,
0.5 mg of Gal4 vector or Gal4 fusion plasmid, 0.5 mg of EBNA2 effector plasmid,
and 1 mg of TK-Luciferase as an internal control for transfection efficiency. The
total DNA was kept constant for each sample by using vector plasmid. Each
experiment was repeated at least two times. CAT and luciferase assays were
performed as previously described (17).

Immunofluorescence assays. EBNA2, Flag-HDAC, and HA-SKIP plasmids
(0.8 mg of each) were transfected by the calcium phosphate procedure into Vero
cells seeded in two-well LabTek slides (Nunc) at 0.8 3 105 cells per well and
grown in Dulbecco modified Eagle medium plus 10% fetal calf serum. Two days
after transfection, cells were washed and fixed in 1% paraformaldehyde in phos-
phate-buffered saline (PBS) for 10 min at room temperature. Fixed cells were
washed and permeabilized in 0.2% Triton X-100 in PBS for 20 min on ice. After
washing, the cells were incubated with primary antibodies for 1 h at 37°C. Mouse
anti-EBNA2 monoclonal antibody (1:200) was obtained from Dako Corp., and
rabbit anti-SKIP antibody (1:500) was generated using the peptide Y-H-G-G-S-
K-R-P-S-D-S-S-R-P-K-E-S-C as the immunogen. The first amino acid (Y) and
the last two amino acids (S-C) were added for stability and ease of conjugation
with carrier protein. Secondary antibodies, fluorescein isothiocyanate (FITC)-
conjugated donkey anti-rabbit antibody (1:100) and rhodamine-conjugated goat
anti-mouse antibody (1:100) (Chemicon), were incubated for 0.5 h at 37°C. The
slides were washed and mounted with Mowiol solution (Calbiochem), and the
images were captured using a Leitz fluorescence microscope and Image Pro
software (Media Cybernetic, MD).

Immunoprecipitation and Western blotting. 293T cells seeded at 106 per
10-cm-diameter culture dish were transfected with 8 mg of expression plasmid by
the calcium phosphate method. Two days after transfection, the cells were
washed and lysed in 2.5 ml of ice-cold lysis buffer (0.1% sodium dodecyl sulfate
[SDS], 1% deoxycholic acid, 0.5% NP-40, 0.2 mM phenylmethylsulfonyl fluoride,
and 2 mg of aprotinin per ml in PBS). The cell suspension was passed five times
through a 20-gauge syringe needle, and the extract was clarified by centrifugation
for 10 min at 15,000 rpm. Anti-Flag or anti-Myc mouse monoclonal antibody,
(Sigma), anti-EBNA2 monoclonal antibody (Dako), and anti-CBF1 or anti-SKIP
rabbit polyclonal antibody were mixed with protein A-Sepharose 4B (20 ml;
Pharmacia) in 60 ml of lysis buffer and incubated at 4°C for 2 h. The beads were
blocked with 3% skim milk in lysis buffer for 15 min and washed three times in
lysis buffer. One milliliter of cell extract was added to the beads and incubated for
2 h at 4°C. The beads were then washed six times with lysis buffer and mixed with
35 ml of sample buffer. Samples (5 to 25 ml) were subjected to electrophoresis
using a 9% denaturing polyacrylamide gel. The amount of sample loaded in the
control lanes (direct immunoprecipitate) was one-quarter of the amount used for
the coimmunoprecipitated sample. Western blot analysis was performed using
peroxidase-conjugated anti-mouse or anti-rabbit immunoglobulin G secondary
antibodies and the Amersham enhanced chemiluminescence system. Rabbit anti-
CBF1 polyclonal antisera were generated using the peptide Y-P-G-K-F-G-E-R-
P-P-P-K-R-L-T-R-S-C as immunogen. Molecular mass standards were pur-
chased from GibcoBRL.

GST-protein affinity assays. 293T cells were transfected in 10-cm-diameter
dishes with 12 mg of each plasmid. Extracts were prepared 2 days after transfec-
tion by washing the cells with PBS followed by lysis in ice-cold lysis buffer (0.2%
NP-40, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 5% glycerol, 0.2 mM
phenylmethylsulfonyl fluoride, and 2 mg of aprotinin per ml in Tris-HCl [pH
7.4]). The suspension was sonicated for 15 s on ice and clarified by centrifugation
for 10 min at 15,000 rpm.

FIG. 1. SKIP interaction with CBF1. (A) GST affinity assay using extract
from 293T cells expressing Myc-CBF1. Bound protein was detected by Western
blotting using anti-Myc antibody. Extract was incubated with control GST beads
(lane 1) or GST-SKIP (lane 2). Lane 3 was loaded with 10 ml of transfected cell
extract. (B) Lysate from cells cotransfected with Myc-CBF1 and Flag-SKIP was
subjected to immunoprecipitation, and Western blots of the immunoprecipitated
proteins were probed with anti-Flag antibody to detect Flag-SKIP. Flag-SKIP
coprecipitated with Myc-CBF1 in precipitates formed with rabbit anti-Myc an-
tibody (lane 1). Flag-SKIP was not precipitated by control preimmune rabbit
antiserum (lane 2). As a positive control, Flag-SKIP was directly immunopre-
cipitated by anti-Flag monoclonal antibody (lane 3). Flag-SKIP was not observed
in immunoprecipitates generated with an irrelevant monoclonal antibody (anti-
Zta; lane 4). Fourfold more extract was used in the coprecipitation than in the
direct precipitation. The vertical bar indicates the position of the immunoglob-
ulin heavy chain.
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Extracts from bacterial cells induced to express GST-CBF1 or GST-SKIP
proteins were prepared by standard procedures. These extracts were incubated
for 2 h at 4°C with 20 ml of glutathione-Sepharose 4B beads (Pharmacia). After
three washes in lysis buffer, the bound GST fusion proteins were incubated for
2 h at 4°C with transfected 293T cell extract. The beads were then washed six
times in lysis buffer and added to 30 ml of sample buffer. Samples were electro-
phoresed through SDS–9% polyacrylamide gels; the separated proteins were
transferred to a nitrocellulose membrane and detected by Western blotting as
described above.

RESULTS

SKIP interacts with CBF1. SKIP was identified as a CBF1-
interacting protein in a yeast-two hybrid screen. To demon-
strate interaction between SKIP and CBF1 in mammalian
cells, GST affinity and immunoprecipitation assays were per-

formed using extracts of 293T cells transfected with expression
vectors for epitope-tagged SKIP and CBF1. In a GST affinity
assay (Fig. 1A), extract from cells transfected with Myc-CBF1
was incubated with control GST protein or with GST-SKIP,
and the bound proteins were subjected to Western blot analysis
using anti-Myc antibody to detect Myc-CBF1. Myc-CBF1 did
not bind to the control protein GST (Fig. 1A, lane 1), but
interaction was detected using GST-SKIP (Fig. 1A, lane 2).
This interaction was confirmed by coimmunoprecipitation from
cells cotransfected with Flag-SKIP and Myc-CBF1. Immuno-
precipitated proteins were analyzed by Western blotting with
anti-Flag antibody (Fig. 1B). Flag-SKIP was detected as a
coprecipitating protein with Myc-CBF1 in immunoprecipitates
generated with rabbit anti-Myc antiserum (lane 1) but not in

FIG. 2. SKIP interacts with the CBF1 corepressor proteins CIR and HDAC. SKIP-corepressor interactions were analyzed using coimmunoprecipitation, yeast
two-hybrid, and mammalian two-hybrid assays. (A) Coimmunoprecipitation assay using extracts of 293T cells cotransfected with CIR-Flag and SKIP. Western blots of
the immunoprecipitated proteins were probed with anti-Flag antibody to detect CIR-Flag. Incubation with rabbit anti-SKIP antibody coprecipitated CIR-Flag (lane 1).
CIR-Flag was directly precipitated by mouse anti-Flag antibody (lane 2). The amount of extract used in the direct precipitation was one-fourth of that used in the
coprecipitation. Lane 3 was loaded with 10 ml of transfected cell extract. (B) SKIP interacts with CIR and HDAC in a yeast two-hybrid assay in which interaction is
measured by induction of b-galactosidase activity. Yeast cells were cotransformed with Gal4DBD-SKIP plus Gal4ACT vector (negative control; lane 1), Gal4DBD-
CBF1 plus EBNA2(252-425) (positive control; lane 2), Gal4DBD-CIR plus Gal4ACT-SKIP (lane 3), Gal4DBD-SKIP plus Gal4ACT-CIR (lane 4), or Gal4DBD-SKIP
plus Gal4ACT-HDAC2 (lane 5). The results shown are an average of three experiments with the standard deviation indicated. (C) Mammalian two-hybrid assay in
which Gal4-HDAC2 is targeted to a 5xGal4TK-CAT reporter and the ability of a SKIP activation domain fusion, SKIP-Rta, to activate reporter expression is used as
a measure of SKIP-HDAC interaction. HeLa cells were cotransfected with 5xGal4TK-CAT reporter alone or with Gal4-HDAC plus increasing amounts (0, 0.5, 1.0,
and 1.5 mg) of SKIP-Rta. For comparison, the 5xGal4TK-CAT reporter was cotransfected with Gal4-CBF1, which represses reporter expression, and Gal4-CBF1 plus
EBNA2, which activates the reporter through tethering to CBF1.
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immunoprecipitates using preimmune rabbit antiserum (lane
2). The identity of Flag-SKIP was confirmed by direct precip-
itation from the cell extract using mouse anti-Flag antibody
(lane 3). Flag-SKIP was not directly precipitated by an irrele-
vant anti-Zta mouse monoclonal antibody (lane 4).

SKIP interacts with members of the CBF1 corepressor com-
plex. To better understand SKIP function, we sought to deter-
mine whether SKIP was a component of the CBF1 corepressor
complex. We had previously isolated a novel member of the
CBF1 corepressor complex, CIR, which is involved in inter-
actions with SAP30 and HDAC (19). Interaction between
SKIP and CIR was examined in coimmunoprecipitation and
yeast two-hybrid assays. Immunoprecipitation assays were per-
formed on extracts of 293T cells that had been transfected with
CIR-Flag and SKIP expression vectors. Immunoprecipitated
proteins were analyzed by Western blotting using anti-Flag
antibody (Fig. 2A). CIR-Flag coimmunoprecipitated with
SKIP in immunoprecipitates obtained using anti-SKIP rabbit
antibody (Fig. 2A, lane 1). Direct immunoprecipitation of
CIR-Flag by anti-Flag antibody is shown in lane 2. The SKIP-
CIR interaction was also demonstrable in a yeast two-hybrid
assay in which yeast cells were cotransformed with Gal4DBD
or Gal4ACT fusion proteins, and interaction between the fu-
sion proteins was measured by induction of b-galactosidase
enzyme activity (Fig. 2B). The DBD-SKIP and ACT-empty
vector combination (lane 1) formed the negative control and
b-galactosidase induction in yeast cotransformed with the
known interactors, EBNA2 and CBF1, is shown in lane 2.
b-Galactosidase activity was induced in yeast cotransformed
with CIR and SKIP fusion vectors with SKIP as the ACT
fusion partner (lane 3) or as the DBD fusion partner (lane 4).

HDAC is a key member of the corepressor complex. Inter-
action between SKIP and HDAC2 was sought in yeast and
mammalian two-hybrid assays. As shown in Fig. 2B (lane 5),
SKIP-HDAC2 interaction could also be detected in the yeast
assay. The mammalian two-hybrid assay was performed in
HeLa cells that were cotransfected with a 5xGal4TK-CAT
reporter, TK-Luciferase control, Gal4-HDAC, and increasing
amounts of a plasmid expressing SKIP-Rta, a chimeric protein
in which SKIP is fused to the transcriptional activation domain
of the EBV Rta lytic transactivator. SKIP-Rta activated CAT
expression, indicating that there was interaction between SKIP
and the promoter-bound Gal4-HDAC2 to bring the Rta acti-
vation domain to the promoter (Fig. 2C). SKIP-Rta had no
effect when cotransfected with a vector expressing only the
Gal4 fusion partner (data not shown). Gal4-CBF1 and Gal4-
CBF1 plus EBNA2 were included for comparison (Fig. 2C).
Gal4-CBF1 represses 5xGal4TK-CAT reporter expression, and
EBNA2 interaction with promoter-bound Gal4-CBF1 acti-
vates reporter expression.

Sin3A and SMRT are also constituents of HDAC-associated

corepressor complexes (12, 13, 29, 37). SMRT has been dem-
onstrated to be a component of the CBF1-associated corepres-
sor complex (25), but the presence of Sin3A in this complex
has not previously been addressed. We tested whether inter-
actions could be demonstrated between mSin3A and CBF1,
mSin3A and SKIP, and SMRT and SKIP in GST affinity and
immunoprecipitation assays. In a GST affinity assay (Fig. 3A),
GST, GST-CBF1, and GST-SKIP were incubated with extract
from 293T cells transfected with Myc-mSin3A, and the bound
proteins were analyzed on a Western blot probed with anti-
Myc antibody. Myc-mSin3A did not interact with GST protein
(lane 1). However, Myc-mSin3A bound both GST-CBF1 (lane
2) and GST-SKIP (lane 3). Cell extract is shown in lane 4, and
Myc-mSin3A directly precipitated from the extract with anti-
Myc antibody is shown in lane 5. Evidence was also obtained
for interaction between SMRT and SKIP. Flag-SMRT coim-
munoprecipitated with SKIP in assays performed on extracts of
293T cells cotransfected with SKIP and Flag-SMRT (Fig. 3B).
Immunoprecipitated proteins were analyzed on a Western blot
probed with anti-Flag antibody. Flag-SMRT was not precipi-
tated by preimmune rabbit antibody (lane 1) but was directly
precipitated by mouse anti-Flag antibody (lane 3) and also
coprecipitated with SKIP in immunoprecipitates formed with
anti-SKIP rabbit antibody (lane 4).

Taken together, these protein-protein interaction assays in-
dicate that SKIP is associated with the CBF1 corepressor com-
plex. Some of the interactions observed are relatively weak,
and it is likely that SKIP makes direct contacts with only a
subset of corepressor proteins and that other members of the
corepressor complex are contacted indirectly.

SKIP colocalizes with EBNA2 in transfected cells. We next
sought to determine whether SKIP had any role in EBNA2
activation of CBF1-repressed promoters. First, we compared
the physical distribution of SKIP and EBNA2 within the cell.
In both transfected and EBV-infected cells, EBNA2 is de-
tected in indirect immunofluorescence assays as characteristic
punctate spots within the nucleus. In cotransfected Vero cells,
SKIP colocalized with EBNA2, and the colocalization was par-
ticularly dramatic when the cells were triply transfected with
EBNA2, SKIP, and HDAC, as illustrated in Fig. 4. In this
assay, EBNA2 was detected with an anti-EBNA2 monoclonal
antibody and a rhodamine-conjugated secondary antibody,
while SKIP was detected with an anti-SKIP rabbit antibody and
FITC-conjugated secondary antibody. The merged image fur-
ther substantiates colocalization of EBNA2 and SKIP.

EBNA2 interacts with SKIP and CBF1. EBNA2 is known to
interact with CBF1 (9, 14, 16, 54, 63). A coimmunoprecipita-
tion assay using extracts from 293T cells cotransfected with
plasmids expressing EBNA2 and Flag-CBF1 is shown to illus-
trate this point (Fig. 5A). The Western blot of the precipitated
proteins was probed with an anti-EBNA2 monoclonal anti-

FIG. 3. SKIP also interacts with the corepressor proteins Sin3A and SMRT. (A) GST affinity assay in which an extract of Myc-mSin3A-transfected 293T cells was
applied to GST-SKIP, GST-CBF1, or control GST beads and a Western blot of the bound proteins was probed with anti-Myc monoclonal antibody. Myc-mSin3A did
not bind to GST alone (lane 1) but bound to both GST-CBF1 (lane 2) and GST-SKIP (lane 3). Transfected cell extract (10 ml) (lane 4) and Myc-mSin3A directly
immunoprecipitated with anti-Myc monoclonal antibody (lane 5) served as positive controls. (B) Coimmunoprecipitation of Flag-SMRT and SKIP from extracts of
cotransfected 293T cells. Flag-SMRT was detected on a Western blot using mouse anti-Flag antibody. Lane 1, precipitation with by preimmune rabbit antibody; lane
2, transfected cell extract (10 ml); lane 3, direct precipitation of Flag-SMRT with anti-Flag antibody; lane 4, coprecipitation of Flag-SMRT with SKIP from extracts
incubated with anti-SKIP rabbit antibody. The amount of extract used in the direct precipitation was one-fourth of that used in the coprecipitation.
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body. EBNA2 coprecipitated with Flag-CBF1 in the anti-Flag
immunoprecipitate (lane 1). Direct precipitation of EBNA2 by
the anti-EBNA2 monoclonal antibody is shown in lanes 2 and
6. Cell extract was loaded in lanes 3 and 7. The specificity of the
immunoprecipitation was confirmed by the absence of EBNA2
in precipitates generated with preimmune rabbit antiserum
(lane 4) or irrelevant mouse monoclonal antibody (anti-CD23
[Dako]; lane 5). A GST affinity assay using extracts of 293T
cells transfected with an EBNA2 expression plasmid was per-
formed to evaluate SKIP-EBNA2 interaction (Fig. 5B). Bound
protein was detected by Western blot analysis using an anti-
EBNA2 monoclonal antibody. EBNA2 did not bind to GST
protein (lane 1). However, binding of EBNA2 to GST-SKIP
was detected (lane 2).

EBNA2 interaction with both CBF1 and SKIP is blocked by
SMRT. The interactions between SKIP and members of the
CBF1 corepressor complex suggested that SKIP was a constit-
uent of the corepressor complex. On the other hand, interaction
between SKIP and EBNA2 implies that SKIP is also present in
the CBF1-EBNA2 transcriptional activation complex. To bet-
ter understand the contribution of SKIP, we compared the
effects of cotransfection of SKIP versus cotransfection of
SMRT on EBNA2 activation mediated by CBF1. HeLa cells
were cotransfected with a 5xGal4TK-CAT reporter, TK-Lucif-
erase control, and Gal4-CBF1 alone or in the presence of
EBNA2 (Fig. 6A). As expected, Gal4-CBF1 repressed expres-
sion from 5xGal4TK-CAT and addition of EBNA2 led to re-
porter activation. EBNA2 was unable to activate the reporter
in the presence of Gal4 alone, indicating that promoter target-
ing through the CBF1 partner in Gal4-CBF1 was required for
activation (not shown). Addition of increasing amounts of SKIP

had a mild stimulatory effect on EBNA2 activation. In marked
contrast, cotransfection of increasing amounts of SMRT com-
pletely abolished EBNA2 activation (Fig. 6A). This result is
consistent with competition between SMRT and EBNA2 for
binding to CBF1.

We next asked whether SMRT affected interactions between
EBNA2 and SKIP. A similar assay was performed using the
Gal4TK-CAT reporter, Gal4-SKIP, and EBNA2 transfected in
the presence or absence of increasing amounts of an SMRT
expression plasmid (Fig. 6B). Cotransfection of Gal4-SKIP
repressed expression from the 5xGal4TK-CAT reporter, and
addition of EBNA2 led to reporter activation, consistent with
interaction between EBNA2 and the DNA-tethered Gal4-
SKIP. Again, addition of SMRT abolished EBNA2 activation
of the 5xGal4TK-CAT reporter. Thus, SMRT competes with
EBNA2 for binding to both CBF1 and SKIP.

The EBNA2 domain that interacts with SKIP is distinct
from the CBF1 interaction domain. The observation that
SMRT competed with EBNA2 for binding to CBF1 as well as
to SKIP raised the possibility that the apparent SKIP-EBNA2
interaction might be an indirect interaction mediated through
CBF1; i.e., EBNA2 interacts with CBF1 and CBF1 interacts
with SKIP, but EBNA2 does not contact SKIP itself. To dis-
tinguish a SKIP-EBNA2 interaction from a SKIP-CBF1-
EBNA2 interaction, mammalian two-hybrid assays were per-
formed using a CR6 EBNA2 mutant, E2(WW323SR), which
has previously been shown to have lost the ability to interact
with CBF1 (16, 33, 35). HeLa cells were cotransfected with the
5xGal4TK-CAT reporter and Gal4-CBF1 or Gal4-SKIP alone
or in the presence of wtEBNA2 or the CR6 mutant E2
(WW323SR) (Fig. 7). As previously shown, both Gal4-CBF1
and Gal4-SKIP repressed expression of 5xGal4TK-CAT, while
addition of wtEBNA2 activated reporter expression through
tethering of EBNA2 to the DNA-bound Gal4-CBF1 and Gal4-
SKIP. The non-CBF1-interacting mutant E2(WW323SR) did
not alter the level of 5xGal4TK-CAT expression seen in the
presence of Gal4-CBF1. However, this mutant EBNA2 was as
effective as wtEBNA2 in activating the Gal4-SKIP bound re-
porter (Fig. 7). The behavior of the E2(WW323SR) mutant
indicates that the region of EBNA2 that interacts with SKIP is
distinct from the region that interacts with CBF1 and hence
that EBNA2 interacts with SKIP independently of its interac-
tion with CBF1.

Interaction with SKIP is necessary for efficient EBNA2 ac-
tivation of a CBF1-repressed promoter. We had previously
observed that mutation of CR5 of EBNA2 did not prevent
binding of EBNA2 to CBF1 but did affect EBNA2 function
(33). The effect of the CR5 mutation II307SR on transactiva-
tion of a Cp reporter (4xCp-CAT) is illustrated in Fig. 8A.
HeLa cells were transfected with the 4xCp-CAT reporter alone

FIG. 4. Intranuclear colocalization of SKIP and EBNA2 in the presence of HDAC. Immunofluorescence assay in Vero cells cotransfected with EBNA2, HA-SKIP,
and HDAC shows that EBNA2 (red) and SKIP (green) each gives a punctate staining pattern that colocalizes in the merged image (yellow). Primary antibodies were
anti-EBNA2 mouse antibody and rabbit anti-SKIP antibody. Secondary antibodies were FITC-conjugated donkey anti-rabbit (green) and rhodamine-conjugated goat
anti-mouse (red).

FIG. 5. EBNA2 interacts with SKIP in addition to CBF1. (A) Immunopre-
cipitation assay using extracts from 293T cells transfected with EBNA2 plus
Flag-CBF1 to show interaction between EBNA2 and CBF1. EBNA2 was de-
tected by Western blot analysis using anti-EBNA2 mouse monoclonal antibody.
Lane 1, rabbit anti-CBF1 antibody-coprecipitated EBNA2; lanes 2 and 6, direct
immunoprecipitation of EBNA2 by anti-EBNA2 mouse monoclonal antibody;
lanes 3 and 7, transfected cell extract (10 ml); lane 4, precipitation with preim-
mune rabbit antiserum; lane 5, precipitation with irrelevant mouse monoclonal
antibody (anti-CD23). The amount of extract used in the direct precipitation was
one-fourth of that used in the coprecipitation. (B) GST affinity assay in which
extracts from 293T cells transfected with EBNA2 were incubated with GST (lane
1) or GST-SKIP (lane 2). Transfected cell extract (10 ml) was loaded in lane 3.

VOL. 74, 2000 EBNA2-CBF1 COREPRESSOR INTERACTIONS 1943



or in the presence of wtEBNA2 or the E2(II307SR) mutant,
and CAT activity was assayed in extracts harvested 2 days after
transfection. 4xCp-CAT was efficiently activated by wtEBNA2,
but E2(II307SR) was an ineffective activator. E2(II307SR) is
expressed in transfected cells at levels similar to those for
wtEBNA2 (33). The ability of E2(II307SR) to bind to SKIP
was assessed in a mammalian two-hybrid assay (Fig. 8B). HeLa
cells were transfected with the 5xGal4TK-CAT reporter, Gal4-
SKIP, and either E2(II307SR) or a second CR6 mutant,
E2(PI326SR) (33). Gal4-SKIP repressed expression from the
5xGal4TK-CAT reporter. Addition of the CR6 mutant E2

(PI326SR) led to activation of CAT expression, indicating in-
teraction between E2(PI326SR) and the reporter bound Gal4-
SKIP. However, cotransfection of an expression plasmid for
the CR5 mutant E2(II307SR) had no activating effect, and
Gal4-SKIP continued to repress expression from 5xGal4TK-
CAT. This result is consistent with mutation of EBNA2 CR5
leading to loss of interaction with SKIP. The relative locations
of the CBF1 and SKIP interaction domains and of the muta-
tions introduced into CR5 and CR6 are summarized in Fig.
9A. The combined results also indicate that efficient activation
of a CBF1-repressed promoter by EBNA2 requires that
EBNA2 contact not only CBF1 but also SKIP.

The observations that (i) SKIP is associated with the CBF1
corepressor complex, (ii) there is competition between SMRT

FIG. 6. SMRT competes for EBNA2 binding to both CBF1 and SKIP. In mammalian two-hybrid assays, SKIP facilitates EBNA2 interaction with Gal4-CBF1 while
SMRT interferes with the ability of EBNA2 to bind to (A) Gal4-CBF1 or (B) Gal4-SKIP and activate expression from a 5xGal4TK-CAT reporter. (A) HeLa cells were
cotransfected with 5xGal4TK-CAT reporter, TK-Luciferase control, Gal4-CBF1 alone or in the presence of EBNA2, and increasing amounts of either SKIP or SMRT
(0.1, 0.5, and 2 mg) as indicated. SKIP facilitated the EBNA2-CBF1 interaction, while SMRT abolished activation of the reporter by EBNA2. (B) HeLa cells were
cotransfected with 5xGal4TK-CAT reporter, TK-Luciferase control, Gal4-SKIP alone or in the presence of EBNA2, and increasing amounts of SMRT (0.1, 0.5, and
2 mg) as indicated. SMRT also abolished reporter activation by SKIP-tethered EBNA2.

FIG. 7. EBNA2 interaction with SKIP is not mediated by the CBF1 interac-
tion domain. Mammalian two-hybrid assay shows that the EBNA2(WW323SR)
mutant that does not interact with Gal4-CBF1 retains interaction with Gal4-
SKIP. HeLa cells were transfected with a 5xGal4TK-CAT reporter, TK-Lucif-
erase control, Gal4-CBF1 or Gal4-SKIP, and wtEBNA2 (wtE2) or mutant
EBNA2 [E2(WW323SR)]. The amount of transfected DNA was equalized using
vector DNA. Both Gal4-CBF1 and Gal4-SKIP repress CAT reporter expression.
Activation of expression by EBNA2 is indicative of interaction between EBNA2
and Gal4-CBF1 or Gal4-SKIP. E2(WW323SR) activates expression in the pres-
ence of Gal4-SKIP but not in the presence of Gal4-CBF1.

FIG. 8. SKIP interaction is necessary for effective EBNA2 targeting of pro-
moter-bound CBF1. Transient expression and mammalian two-hybrid assays
linking the inability of EBNA2(II307SR) to efficiently activate 4xCp-CAT with
an inability to interact with SKIP. (A) CAT assay performed using extracts of
HeLa cells transfected with a 4xCp-CAT reporter alone or in the presence of
either wtEBNA2 (wtE2) or the EBNA2 mutant E2(II307SR). (B) Mammalian
two-hybrid assay performed in HeLa cells transfected with a 5xGal4TK-CAT
reporter, Gal4-SKIP as indicated, and either the CR5 EBNA2 mutant E2
(II307SR) or the CR6 mutant E2(PI326SR). Gal4-SKIP represses expression
from 5xGal4TK-CAT. This repression is overcome by the E2(PI326SR) mutant
but not by the E2(II307SR) mutant, indicating that mutation in CR5 ablates
interaction of EBNA2 with SKIP, whereas a CR6 mutant retains SKIP interac-
tion.
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and EBNA2 for contacts on both CBF1 and SKIP, and (iii)
EBNA2 contacts with SKIP are important for functional acti-
vation lead to the model of EBNA2 activation of CBF1-re-
pressed promoters presented in Fig. 9B.

DISCUSSION

DNA-bound CBF1 acts as a transcriptional repressor. A
recurring theme in transcriptional repression is the recruit-
ment of an HDAC-containing corepressor complex that is

tethered to the promoter through contacts with a DNA binding
protein. Deacetylation of lysine residues at the N terminus of
the core histones is believed to strengthen histone binding to
DNA, with the resulting changes in chromatin structure limit-
ing access of the transcriptional machinery to the promoter (2).
CBF1 associates with such a corepressor complex. Interactions
with the corepressor proteins SMRT, HDAC1, HDAC2, SAP30,
and CIR have been described (19, 25), and in the present study
we were also able to demonstrate interaction between CBF1
and Sin3A. The biological significance of the corepressor in-

FIG. 9. (A) Schematic representation of EBNA2 illustrating the relative locations of characterized functional domains and of the mutants used in this study. The
amino acid numbers are indicated. CR5, CR6 (33), and a nuclear localization signal (NLS) (36) are indicated. (B) Model for EBNA2 activation of CBF1-repressed
promoters. CBF1 binds to the DNA sequence GTGGGAA in responsive promoters. SKIP is bound to CBF1. SMRT contacts both SKIP and CBF1. SMRT is a
component of a corepressor complex that includes Sin3A, SAP30, CIR, HDAC1, and HDAC2 (19, 25), and potentially other Sin3-associated proteins (indicated by
x). This complex mediates promoter repression through chromatin remodeling. EBNA2 competes with SMRT for contacts on both SKIP and CBF1. Displacement of
the SMRT-corepressor complex relieves repression, and introduction of the EBNA2 activation domain induces transcriptional activation. EBNA2 mutants in CR5 and
CR6 lose the ability to interact with SKIP and CBF1, respectively. Loss of either interaction impairs the ability of EBNA2 to activate CBF1-repressed promoters.
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teractions was originally substantiated in experiments demon-
strating that a CBF1 mutant, CBF1(EEF233AAA), that had
lost repression activity was also unable to interact with either
SMRT or CIR (19, 25).

We have now identified SKIP as a CBF1-interacting protein
and presented evidence for the presence of SKIP in the CBF1
repression complex by demonstrating interactions between
SKIP and other members of the complex, namely, SMRT,
Sin3A, CIR, and HDAC2. A yeast two-hybrid screen previ-
ously identified SKIP as a Ski-interacting protein (5). c-Ski
binds both Sin3A and N-CoR, a corepressor protein related to
SMRT, and has recently been shown to be a component of the
thyroid hormone receptor corepressor complex and the Mad
corepressor complex (38). These observations reinforce the
point that the CBF1 corepressor complex contains many of the
same protein constituents as the Mad and nuclear hormone
receptor corepressor complexes.

DNA-bound CBF1 is converted from a transcriptional re-
pressor to an activator in two known circumstances: in the
presence of EBNA2 and in the presence of the activated form
of cellular Notch, NotchIC (16, 17). The identification of SKIP
as a CBF1-interacting protein provides additional insight into
the way in which EBNA2 brings about this conversion. SKIP
appears to serve as a tethering point both for the SMRT
corepressor complex and for EBNA2. In contrast to SMRT,
SKIP does not compete EBNA2 from CBF1 but rather ap-
pears to strengthen the CBF1-EBNA2 interaction. Further,
the interaction of SKIP with SMRT is mutually exclusive of the
SKIP-EBNA2 interaction. SMRT competes EBNA2 off SKIP
just as it competes with EBNA2 for binding to CBF1. Thus, a
model evolves in which the conversion from transcriptional
repression to activation involves both CBF1 and SKIP ex-
changing partners from the SMRT-corepressor complex to the
EBNA2 transactivation complex. This model is also compati-
ble with the previous observation that EBNA2 had two sepa-
rable effects on CBF1 repressed promoters, relief of repression
and activation. An EBNA2 mutant deleted for the transcrip-
tional activation domain remained capable of relieving CBF1-
mediated repression (16). This relief of repression can now be
correlated with displacement of the SMRT-corepressor com-
plex from SKIP and CBF1 by EBNA2.

EBNA2 amino acids 307 and 308 form part of a 14-amino-
acid motif, CR5, that is highly conserved between the EBNA2
proteins of EBV and baboon herpesvirus papio (36). Mutation
of CR5 had previously been shown to impair EBNA2 transac-
tivation function in transient expression assays (33), and dele-
tion of the entire motif from EBNA2 resulted in an EBV
variant that was unable to transform B cells in an in vitro
outgrowth assay (10). While it was recognized that CR5 was
important for EBNA2 function, the role played by the CR5
motif was unclear. We have now correlated the inability of the
CR5 mutant E2(II307) to efficiently activate reporters contain-
ing CBF1 binding sites with an inability of this mutant to bind
to SKIP. The adjacent conserved region in EBNA2, CR6,
contains two tryptophan residues. Mutation of these residues
abolishes EBNA2 interaction with CBF1 along with EBNA2
biological function (35, 38). Since the E2(II307) mutant con-
tinues to interact effectively with CBF1 (33), the behavior of
the CR5 mutant substantiates a model in which contacts with
both CBF1 and SKIP are needed for effective displacement of
the corepressor complex by EBNA2.

A significant contribution of EBNA2 to immortalization is
attributable to EBNA2-mediated activation of CBF1-re-
pressed cell genes. Activation of genes required for progres-
sion into G1 may be particularly relevant (26, 43). The ability
of EBNA2 to bind to SKIP and the presence of Ski, and

therefore presumably SKIP, in the Mad and nuclear hormone
receptor complexes also raises the potential of alternative ways
in which EBNA2 might affect cellular gene expression. Seques-
tering of SKIP by EBNA2 might affect the functioning of
transcription complexes in which Ski and SKIP normally par-
ticipate, and there is also the possibility that EBNA2 might, in
some circumstances, be capable of targeting to promoters
through non-CBF1 complexes containing SKIP.
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